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SUMMARY 
Plastic deformation is a prominent factor in determining the lubricating 
value o f  solid lubricants. Little information is available and its direct 
measurement is difficult so hardness, which is an indirect measure of this 
property was determined for fluoride solid lubricant compositions. 
lhe Vickers hardness of BaF2 and CaF2 single crystals was measured up 
to 670 "C in a vacuum. 
and the CaF2 was about 16" from the ( 1 1 1 )  plane. 
83 kg/mm2 at 25 "C and 9 at 600 "C and CaF2 is 170 at 25 "C and 13 at 
670 "C. The decrease in hardness in the temperature range of 25 to 100 "C is 
very rapid and amounts to 40 percent for both materials. 
The orientation of the BaF2 was near the (013) plane 
BaF2 has a hardness of 
Melts of BaF2 and CaF2 were made in a platinum crucible in ambient air 
with compositions o f  50 to 100 wt X Baf2. 
polycrystalline binary compositions at 25 "C increased with increasing CaF2 
reaching a maximum of 150 kg/mn2 near the eutectic. 
was 30 percent harder than the single crystal surface. The microstructure of 
these melts was that of rounded grains of CaF2 dispersed i n  a fine BaF2 
matrix. Some small, but undetermined amount of solid solution of CaF2 in the 
BaF2 was found. 
A melt of 62 wt x Baf2 - 3 8  wt % CaF2 was made in a nickel crucible 
in a nitrogen atmosphere. 
made i n  a platinum crucible in air. 
The Vickers hardness o f  these 
The polycrystalline 
co d
' e  0 
I 
w CaF2 was 15 percent softer than that of the single crystal surface and BaF2 
It was found to be 30 percent harder than the melts 
It is estimated that the brittle to ductile transition temperature for 
CaF2 and BaF2 is 4 0 0  "C for the conditions present in the hardness tester. 
INTHODUCl ION 
'ihere is a great need in current technology for solid-lubricated systems 
that will perform satisfactorily over a wide range of temperatures. For exam- 
ple, the achievement of major advances in high-temperature lubrication are 
essential for the development of more fuel-efficient engines such as the adia- 
batic diesel and advanced turbomachlnery (ref. 1). Other examples are the 
advanced Sterling engine and numerous aerospace mechanisms. 
tures of 600 to 1100 "C are anticipated for critical sliding contacts i n  these 
applications (refs. 2 to 5). 
Maximum tempera- 
Solid lubricant materials that are thermally and chemically stable (non- 
reactive) at the temperature quoted include certain soft oxides, vitreous 
glazes, fluorides of the alkaline earth metals, and soft noble metals such as 
gold and silver. 
I h e  mechanism o f  l u b r i c a t i o n  w i t h  these m a t e r i a l s  r e q u i r e s  f i r s t  o f  a l l  
t h a t  they adhere t o  t h e  sur faces t o  be l u b r i c a t e d .  They must a l s o  e x h i b i t  a 
h i g h  degree o f  p l a s t i c i t y  so t h a t  they f l o w  r a t h e r  than  fragment w i t h i n  t h e  
s l i d i n g  c o n t a c t .  
w i t h  a low y i e l d  s t r e n g t h  i n  t h e  shear d i r e c t i o n .  
I n  o t h e r  words, a s o l i d  l u b r i c a n t  must be a d u c t i l e  m a t e r i a l  
For d u c t i l e  m a t e r i a l s ,  y i e l d  s t r e n g t h  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
i n d e n t a t i o n  hardness d i v i d e d  by t h r e e  ( r e f .  6 ) .  
s t r e n g t h  i s  p r o p o r t i o n a l  t o  t h e  hardness d i v i d e d  by 35 ( r e f .  6 ) .  Therefore,  
h o t  hardness measurements should g i v e  c o n s i d e r a b l e  i n s i g h t  concern ing t h e  
i n f l u e n c e  of temperature on t h e  p l a s t i c  f l o w  p r o p e r t i e s  o f  cand ida te  s o l i d  
l u b r i c a n t  m a t e r i a l s .  I f  a m a t e r i a l  i s  b r i t t l e  a t  lower temperatures,  b u t  
undergoes a b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  a t  some h i g h e r  temperature,  h o t  hard-  
ness measurements should be h e l p f u l  i n  i d e n t i f y i n g  t h e  t r a n s i t i o n  temperature.  
For i o n i c  c r y s t a l s  t h e  y i e l d  
I n  many m a t e r i a l s  t h e  b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature i s  s t r a i n  
r a t e  dependent. 
'have been s t u d i e d  by o t h e r s  t o  g a i n  knowledge about f l u o r i t e  t y p e  i o n i c  s o l i d s  
( r e f s .  7 t o  10) .  Compressive, t e n s i l e ,  and bending s t u d i e s  have p r o v i d e d  some 
ve ry  l i m i t e d  i n f o r m a t i o n  about t h e  p l a s t i c i t y  and s t r a i n  r a t e  dependence o f  t h e  
b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature. 
The mechanical  p r o p e r t i e s  o f  CaF2 and BaF2 s i n g l e  c r y s t a l s  
Parker ( r e f .  7 )  r e p o r t e d  t h a t  CaF2 showed no d u c t i l i t y  I n  room tempera- 
t u r e  bend t e s t s .  P h i l l i p s  ( r e f .  8)  s t u d i e d  t h e  de fo rma t ion  and f r a c t u r e  o f  
CaF2 and found no d u c t i l i t y  i n  compression t e s t s  a t  temperatures below 400 " C  
a t  a s t r a i n  r a t e  o f  6x10-2/min. 
CaF2 found cons ide rab le  p l a s t i c  f l o w  b e f o r e  f r a c t u r e  a t  175 " C  u s i n g  a s t r a i n  
r a t e  o f  lO-4/min.  
was ma in ta ined  constant  s h o r t l y  a f t e r  y i e l d i n g  was de tec ted .  I - i u  ( r e f .  10) 
found p l a s t i c  f l o w  i n  compression t e s t s  o f  BaF2 a t  4 7 5  " C  f o r  an i n i t i a l  
s t r a i n  r a t e  o f  6x10-3/min. Th is  i n f o r m a t i o n  i n d i c a t e s  t h a t  t h e  b r i t t l e  t o  
d u c t i l e  t r a n s i t i o n  temperature o f  these f l u o r i d e s  i s  ve ry  s t r a i n  r a t e  sens i -  
t i v e .  T h i s  i m p l i e s  t h a t  the hardness o f  these m a t e r i a l s  a t  a p a r t i c u l a r  tem- 
p e r a t u r e  w i l l  be dependent on the  s t r a i n  r a t e  o f  t h e  hardness t e s t e r .  
Burn ( r e f .  9)  i n  t h r e e  p o i n t  bending t e s t s  on 
I n  f a c t  t h e  specimens would creep t o  f r a c t u r e  i f  t h e  l o a d  
Coat ings c o n t a i n i n g  chemica l l y  \ t a b l e  CaF2 arid BaF2 a r e  known t o  
l u b r i c a t e  a t  temperatures f rom about 400 t o  1000 " C ,  b u t  do n o t  l u b r i c a t e  a t  
lower temperatures ( r e f .  1 1 ) .  The improvement i n  l u b r i c a t i n g  a b i l i t y  a t  t h e  
h i g h e r  temperatures can be a t t r i b u t e d  t o :  ( a )  t h e  s o f t e n i n g  e f f e c t  o f  i n c r e a s -  
i n g  temperature,  and (b )  t h e  onset o f  d u c t i l i t y  above t h e  b r i t t l e  t o  d u c t i l e  
t r a n s i t i o n  temperature. Hardness measurements as a f u n c t i o n  o f  temperature a r e  
i n s t r u c t i v e  i n  e x p l a i n i n g  t h i s  behav io r .  
Low temperature f r i c t i o n  o f  f l u o r i d e  c o n t a i n i n g  c o a t i n g s  has been improved 
by the a d d i t i o n  of a smal l  amount o f  a s o f t  meta l  such as s i l v e r  t o  t h e  c o a t i n g  
composi t ion ( r e f .  1 2 ) .  Therefore,  t h e  scope of  t h i s  paper i n c l u d e s  n o t  o n l y  
hardness da ta  f o r  CaF2, BaF2, and b i n a r y  composi t ions o f  these two b u t  a l s o  
r e f e r e n c e  hardness da ta  f rom a l i t e r a t u r e  source f o r  m e t a l l i c  s i l v e r  ( r e f .  1 3 ) .  
Vickers hardness measurements o f  s i n g l e  c r y s t a l  CaF2 and BaF2 were made 
f rom 25 t o  670 "C.  I n  a d d i t i o n ,  t h e  hardness of  p o l y c r y s t a l l i n e  CaF2, BaF2, 
and b i n a r y  composi t ions i n  the  range o f  50 t o  90 w t  x BaF2 were prepared and 
measured. T h i s  l a t t e r  composi t ion range covers t h e  r e g i o n  o f  c u r r e n t  i n t e r e s t  
i n  s o l i d  l u b r i c a t i o n .  
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EXPLRIMCNl AL 
Hardness Measurement 
High temperature hardness measurements were made u s i n g  a commercial t e s t  
machine equipped w i t h  a vacuum chamber and pumping system, separate i n d e n t e r  
and specimen furnaces w i t h  v a r i a b l e  temperature s e t  p o i n t  c o n t r o l l e r s ,  an o p t i -  
c a l  microscope i n d e n t  measuring system, and an automat ic  i n d e n t a t i o n  mechanism. 
A V i c k e r s  pyramidal  diamond i n d e n t e r  was used. 'Ihe diamond was a t tached  by 
mechanical  embedment i n  a h i g h  temperature t a n t a l u m  a l l o y  h o l d e r .  Th j s  h o l d e r  
i s  threaded f o r  at tachment t o  t h e  loading mechanism. The h o l d e r  a l s o  c o n t a i n s  
a thermocouple w e l l  f o r  temperature measurement and c o n t r o l  o f  t h e  i n d e n t e r .  
A t y p i c a l  measurement was made as f o l l o w s .  The specimen i n  t h e  f o r m  o f  a 
5- by 5- by 10-mm bar  was i n s t a l l e d  i n  t h e  specimen fu rnace  and t h e  i n d e n t e r  i n  
i t s  f u rnace .  l h e  chamber was evacuated t o  a p ressu re  o f  8 ~ 1 0 - ~  t o  l ~ l O - ~  t o r r .  
l h e  i n d e n t e r  and specimen furnaces were heated t o  t h e  maximum d e s i r e d  tempera- 
t u r e  and when t h i s  temperature was reached and c o n t r o l l i n g  occu r red  f o r  10 t o  
1 5  min a s e r i e s  o f  f i v e  o r  more indents  were made and t h e  d iagona ls  measured. 
7he temperature s e t  p o i n t  was lowered on each furnace and when c o n t r o l  was 
e s t a b l i s h e d  f o r  5 t o  10  min another  se t  o f  i n d e n t s  was made. The hardness was 
determined f o r  each s e t  o f  i n d e n t  diagonal  measurements and t h e  average hard-  
ness f o r  a l l  measurements was c a l c u l a t e d  and r e p o r t e d  i n  u n i t s  of kg/mm2. 
The s tandard d e v i a t i o n  f o r  each hardness s e t  was c a l c u l a t e d .  The temperature 
of t h e  i n d e n t e r  was always k e p t  w i t h i n  5 " C  o f  t he  specimen. T h i s  was neces- 
sary t o  m in im ize  t h e  i n f l u e n c e  o f  the i n d e n t e r  temperature on t h e  specimen 
temperature.  An i n d e n t e r  t r a v e l  r a t e  o f  0 .5 mm/sec, a d w e l l  t i m e  o f  10 sec and 
a load o f  50 g ( 0 . 5  N) was used. 
Room temperature hardness measurements o f  the p o l y c r y s t a l l i n e  m e l t  compo 
s i t i o n s  were made on a d i f f e r e n t  commercial machine usable o n l y  a t  room temper- 
a t u r e  i n  ambient a i r  a t  atmospher ic pressure.  A V i cke rs  i n d e n t e r  was used w i t h  
a 50 g (0.5 N) load.  The l o a d i n g  r a t e  and d w e l l  t ime  were n o t  c o n t r o l l a b l e  and 
t h e i r  va lues were n o t  known. F i v e  o r  more i n d e n t s  were made and t h e  hardness 
was determined f r o m  t h e  measured d iagonals .  A s tandard d e v t a t i o n  f o r  t h e  hard-  
ness s e t  was c a l c u l a t e d .  I t  was found t h a t  t h e  room temperature hardness o f  
t h e  same specimen measured on t h e  h igh temperature machine war i n  good agree- 
ment w i t h  t h a t  made on t h l s  machine. For example, t he  hardness o f  t h e  BaF2 
s i n g l e  c r y s t a l  was 82 t3  on the  h i g h  temperature machine and 794-1 on t h e  room 
temperature machine. S i m i l a r l y  t h e  hardness values f o r  CaF2 were 1694-4 and 
169t3,  r e s p e c t i v e l y .  
S i n g l e  C r y s t a l  M a t e r i a l s  
S' tngle c r y s t a l s  o f  CaF2 and BaF2 i n  t h e  form o f  random p ieces  w i t h  
s e v e r a l  p o l t s h e d  faces were procured f rom a commercial source. l h e  major 
i m p u r i t i e s  a r e  Mg, Na, S i ,  and Fe w i t h  a t o t a l  cO.1 w t  %. The c r y s t a l s  were 
c u t  i n t o  5- by 5 -  by 10-mm bars p rese rv ing  t h e  as r e c e i v e d  p o l i s h e d  face .  
l h e s e  ba rs  were g i v e n  no f u r t h e r  mechanical,  thermal, o r  chemlcal  t rea tmen t .  
l h e  c r y s t a l  o r i e n t a t i o n  o f  t he  p o l i s h e d  face  was determined by t h e  s tand-  
a r d  I.aue back r e f l e c t i o n  x - r a y  d i f f r a c t i o n  and d a t a  r e d u c t i o n  methods ( r e f s .  1 4  
and 1 5 ) .  l h e  normal t o  t h e  po l i shed  face  i s  shown on the  u n i t  s te reograph ic  
t r i a n g l e  i n  t h e  s tandard (001) p r o j e c t i o n  i n  f i g u r e  1.  
t a t i o n  o f  t h e  p o l i s h e d  hardness sur face was about 16 degrees o f f  t h e  (111)  
f o r  CaF2 t h e  o_rien- 
3 
p lane  w h i l e  t h e  BaF2 o r i e n t a t i o n  was near t h e  (013)  p lane.  
m a t e r i a l s  have t h e  f l u o r i t e  cub ic  c r y s t a l  s t r u c t u r e .  The l a t t i c e  parameter o f  
t he  CaF2 was 5.46 A and t h e  va lue  f o r  t h e  BaF2 was 6.20. 
Both of these 
P o l y c r y s t a l l i n e  M a t e r i a l s  
l h e  CaF2 and BaF2 s t a r t i n g  m a t e r i a l s  f o r  a l l  m e l t s  were reagent  grade 
powders. 
t h e  i m p u r i t i e s  t o  be Fe, Mg, Na, and S i  w i t h  a t o t a l  o f  <0.15 w t  % i n  every 
case. The N i  content  o f  t h e  m e l t  made i n  a N i  c r u c i b l e  was 4 0  ppm. 
A spect rographic  a n a l y s i s  o f  t h e  s t a r t i n g  m a t e r i a l s  and m e l t s  showed 
P o l y c r y s t a l l i n e  hardness specimens i n  t h e  CaF2-BaF2 b i n a r y  system were 
prepared by m e l t i n g  t h e  reagent grade m a t e r i a l s  i n  a p l a t i n u m  c r u c i b l e  i n  ambi- 
e n t  a i r  a t  atmospheric p ressu re  ( P t / a i r ) .  
0.1 g and mixed by shaking i n  a p l a s t i c  b o t t l e .  An e l e c t r i c a l l y  heated fu rnace  
was used. T y p i c a l  h e a t i n g  schedules a r e  presented i n  f i g u r e  2. l h e  c r u c i b l e  
was p laced  i n  t h e  furnace a t  800 t o  850 " C ,  t h e  temperature was r a i s e d  t o  t h e  
l i q u i d u s  o r  m e l t i n g  p o i n t  temperature and h e l d  f o r  30 t o  40 min a t  temperatures 
as h i g h  as 20 t o  30 " C  above t h e  l i q u i d u s  o r  m e l t i n g  p o i n t .  The power t o  t h e  
furnace was shut  o f f  and t h e  m e l t  was furnace cooled t o  700 t o  750 " C  where i t  
was removed and a i r  coo led  t o  room temperature.  l h e  average furnace c o o l i n g  
r a t e  over t h e  f i r s t  10  t o  15 min was 10 t o  15 "C/min. l h e  s o l i d i f i e d  m e l t  was 
mechan ica l l y  removed f rom t h e  c r u c i b l e  as random s i zed  p ieces .  One m e l t  o f  
62 w t  % BaF2 - 3 8  w t  % CaF2 was made by m e l t i n g  i n  a n i c k e l  c r u c i b l e  i n  
a n i t r o g e n  atmosphere (Ni /N2) .  
l h e  powders were weighed o u t  t o  
Severa l  pieces o f  a s o l i d i f i e d  m e l t  were mounted i n  p l a s t i c  mount ing mate- 
r i a l  and diamond po l i shed  b u t  n o t  etched. Hardness measurements were made on 
the  p o l i s h e d  sur face.  This  su r face  was a l s o  s t u d i e d  by o p t i c a l  and scanning 
e l e c t r o n  microscopy (SCM) and energy d i s p e r s i v e  x - r a y  ( E D X )  techniques.  Be fo re  
t h e  SEM examinat ion a s p u t t e r e d  g o l d  c o a t i n g  about 100 A t h i c k  was a p p l i e d  t o  
min imize cha rg ing .  
RkSULlS AND DlSCUSSION 
S i n g l e  C r y s t a l s  
l h e  V icke rs  hardness r e s u l t s  f o r  s i n g l e  c r y s t a l s  o f  CaF2 and BaF2 a t  
temperatures o f  25 t o  6-10 " C  a r e  presented i n  f i g u r e s  3 and 4 a l o n g  w i t h  da ta  
f o r  p o l y c r y s t a l l i n e  s i l v e r  taken f rom r e f e r e n c e  13. l h e  o r i e n t a t i o n  o f  t h e  
hardness t e s t  surfaces f o r  t he  f l u o r i d e  m a t e r i a l s  i s  g i v e n  i n  f i g u r e  1. Both 
f l u o r i d e  m a t e r i a l s  e x h i b i t  a r a p i d  decrease i n  hardness a t  low temperatures.  
From 25 t o  100 " C  t h e r e  i s  a hardness l o s s  of 40 pe rcen t .  A t  600 " C  t h e  hard-  
ness o f  each i s  near 10 which i s  s i m i l a r  t o  s i l v e r  a t  t h i s  temperature 
( r e f .  1 3 ) .  For CaF2 t h e r e  i s  a second r a p i d  p e r i o d  o f  hardness change s t a r t -  
i n g  near 400 "0 .  
Hardness data f o r  s i n g l e  c r y s t a l  CaF2 on t h e  (111)  p l a n e  taken f r o m  
r e f e r e n c e  16 a r e  i nc luded  i n  f i g u r e  3 f o r  re fe rence  purposes. 'These measure- 
ments were made using a Knoop i n d e n t e r  and t h e  va lues a r e  about 10 t o  20 pe rcen t  
h ighe r  than t h e  present values and e x h i b i t  a s m a l l e r  temperature dependence i n  
t h e  25 t o  100 " C  range. 
o r i e n t a t i o n s  were used so d i f f e r e n t  hardness va lues would be expected. 
l h e  hardness o f  CaF2 i s  a n i s o t r o p i c .  D i f f e r e n t  
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F i g u r e  5 i s  a p l o t  o f  hardness da ta  versus d w e l l  t i m e  f o r  s i n g l e  c r y s t a l  
CaF2 a t  22 and 250 O C  taken from re fe rence  16. 
l a r g e  amount o f  i n d e n t a t i o n  creep e s p e c i a l l y  i n  t h e  f i r s t  100 sec. This  creep 
produces a t i m e  dependent hardness value. For example, a t  22 " C  t h e  hardness 
i s  165 kg/mrn2 w i t h  a d w e l l  t ime  o f  30 sec and 148 a t  100 sec. 
Th is  i n f o r m a t i o n  i n d i c a t e s  a 
F igu res  6 and 7 a r e  photomicrographs o f  t h e  V icke r  i n d e n t s  made a t  v a r i o u s  
temperatures.  The photographs were made a t  room temperature.  
a r e  c racks  emanating f r o m  t h e  indents  made a t  temperatures up t o  85 " C  w h i l e  
no such f e a t u r e s  a r e  p resen t  above t h i s  temperature.  A l so  t h e  i n d e n t s  a r e  
s l i g h t l y  s h o r t e r  on one s i d e .  l h i s  i s  due t o  t h e  hardness a n i s o t r o p y .  The 
i n d e n t s  i n  t n e  BaF2 show evidence o f  s l i p  p lane  s teps a l o n g  t h e  s ides  o f  t h e  
impress ions a t  temperatures h i g h e r  than 94 OC. T h i s  i s  caused by s l i p  i n  t h e  
p l a s t i c  zone immediate ly  under the  i nden te r  ( r e f .  1 7 ) .  Th i s  l a t t e r  f e a t u r e  i s  
n o t  p r e s e n t  i n  t h e  CaF2 i n d e n t s .  lhese obse rva t i ons  suggest t h a t  b o t h  f l u o -  
r i d e s  have a b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature o f  l e s s  than 100 "C.  
l h e  r a p i d  r i s e  i n  hardness a t  l e s s  than 100 " C  con f i rms  t h i s  conc lus ion .  
For CaF2 t h e r e  
B r i t t l e  t o  D u c t i l e  T r a n s i t i o n  
I t  i s  known f rom a l i m i t e d  number o f  mechanical  p r o p e r t y  measurements 
( r e f s .  7 t o  10)  t h a t  t h e  b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature o f  CaF2 
and fhF2 i s  s e n s i t i v e  t o  s t r a i n  r a t e .  Th is  i s  i l l u s t r a t e d  i n  p l o t s  8 (a )  and 
8 ( b ) .  I n  f i g u r e  8 ( a )  t h e  two values f o r  CaF2 ( r e f s .  8 and 9 )  a r e  p l o t t e d  on 
a s e m i - l o g  s c a l e  and connected by a s t r a i g h t  l i n e  and a l i n e  was drawn through 
t h e  s i n g l e  BaF2 p o i n t  ( r e f .  10) p a r a l l e l  t o  t h e  CaF2 l i n e .  Th is  i n f o r m a t i o n  
i n d i c a t e s  t h a t  t h e  b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature o f  CaF2 and 
p robab ly  BaF2 decreases r a p i d l y  w i t h  dec reas ing  s t r a i n  r a t e .  
c o n s t r u c t e d  on l i n e a r  a x i s  f rom t h e  da ta  i n  f i g u r e  8 ( a ) .  l h i s  p l o t  shows more 
c l e a r l y  t h e  r e l a t i o n s h i p  between the b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  temperature 
and s t r a i n  r a t e .  
a s y m p t o t i c a l l y  approaches 400 "C a t  h i g h  s t r a l n  r a t e s  ( 1 0 - l )  and 300 " C  f o r  
BaF2. 
l h i s  da ta  i s  n o t  i n c o n s i s t e n t  w i t h  t h e  p resen t  e s t i m a t e  o f  t h e  b r i t t l e  t o  
d u c t i l e  t r a n s i t i o n  o f  l ess  than 100 O C  i f  t h e  s t r a i n  r a t e  produced by t h e  hard-  
ness t e s t e r  i s  low. From f i g u r e  8(b)  the t r a n s i t i o n  temperature can be e s t i -  
mated t o  be l ess  than 100 "C f o r  a s t r a i n  r a t e  i n  t h e  range o f  t o  
10-5/min.  
be i n  t h i s  range. 
F i g u r e  8 ( b )  was 
I t  can be i n f e r r e d  t h a t  t he  t r a n s i t i o n  temperature o f  CaF2 
I h e  s t r a i n  r a t e  produced by t h e  hardness t e s t e r  c o u l d  reasonably  
l h e  l a r g e  i n f l u e n c e  o f  s t r a i n  r a t e  on the b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  
temperature o f  these m a t e r i a l s  may s i g n i f i c a n t l y  i n f l u e n c e  t h e i r  temperature 
range o f  s o l i d  l u b r i c a t i o n .  l h e  d u c t i l e  s t a t e  p r o v i d e s  b e t t e r  l u b r i c a t i o n .  
l h e r e f o r e ,  t o  achieve the  bes t  p o s s i b l e  l u b r i c a t i o n  a t  low temperatures would 
r e q u i r e  ve ry  low s t r a i n  r a t e s  such a s  a t  s t a r t u p  o r  d u r i n g  low-speed s l i d i n g  
o p e r a t i o n .  l h i s  i s  an i n t e r e s t i n g  area f o r  f u r t h e r  c o n s i d e r a t i o n  and a n a l y s i s  
I t  has been observed i n  s l i d i n g  f r i c t i o n  and wear t e s t s  t h a t  t h e  tempera- 
t u r e  f o r  onset o f  l u b r i c a t i o n  by these f l u o r i d e s  i s  >400 " C .  l h i s  i n d i c a t e s  a 
h i g h  s t r a i n  r a t e  t o  e x i s t  i n  the  s l i d i n g  f r i c t i o n  and wear t e s t s  compared t o  
t h a t  i n  t h e  hardness t e s t e r .  
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P o l y c r y s t a l l i n e  M e l t s  
When t h e  f l u o r i d e s  a r e  used as s o l i d  l u b r i c a n t s  they  a r e  n o t  s i n g l e  c r y s -  
t a l s  b u t  p o l y c r y s t a l l i n e  s o l i d s .  There fo re  i n f o r m a t i o n  about t h e  hardness o f  
p o l y c r y s t a l l i n e  s o l i d s  formed by m e l t i n g  was ob ta ined .  
Room temperature Vickers hardness o f  t h e  s o l i d i f i e d  m e l t s  versus tempera- 
t u r e  a r e  presented i n  f i g u r e  9 ( a ) .  
d iagram ( r e f .  18) i s  shown i n  f i g u r e  9 ( b )  f o r  ready re fe rence .  A p e r i t e c t i c  
i s  i n d i c a t e d  a t  about 62 w t  % BaF2 and a e u t e c t i c  near 70 w t  %. 
temperature i s  1050 "C and t h e  p e r i t e c t i c  temperature i s  1070 "C.  
s o l u t i o n  of CaF2 i n  the BaF2 i s  shown i n  t h e  composi t ion range on t h e  BaF2 r i c h  
s i d e  o f  t h e  e u t e c t i c .  Wi th  i n c r e a s i n g  CaF2 t h e r e  i s  a r a p i d  i n c r e a s e  i n  hard-  
ness up t o  about  40 w t  % CaF2. 
CaF2 show l i t t l e  or no f u r t h e r  change i n  hardness. 
l h e  62 w t  % BaF2 m e l t  made i n  NI/N2 i s  about 30 pe rcen t  harder  than those 
o f  s i m i l a r  composi t ions mel ted i n  P t / a i r .  A l so  t h e  p o l y c r y s t a l l i n e  BaF2 i s  
30 pe rcen t  ha rde r  than the  s i n g l e  c r y s t a l  w h i l e  t h e  CaF2 m e l t  i s  15  pe rcen t  
s o f t e r  than i t s  s i n g l e  c r y s t a l .  A d i f f e r e n c e  can be expected because o f  t h e  
a n i s o t r o p y  o f  t h e  s l n g l e  c r y s t a l s  and t h e  hardness o f  p o l y c r y s t a l l i n e  m a t e r i a l s  
i s  an average o f  the randomly o r i e n t e d  g r a i n s  w i t h  p robab ly  c o n t r i b u t i o n s  f r o m  
g r a i n  boundary e f f e c t s .  
A t e n t a t i v e  and incomplete b i n a r y  phase 
The e u t e c t i c  
Some s o l i d  
Composit ions w i t h  g r e a t e r  t han  t h i s  amount o f  
l h e  m i c r o s t r u c t u r e  o f  t h e  b i n a r y  m e l t s  i s  shown i n  f i g u r e  10. M e l t s  up t o  
t h e  p e r i t e c t i c  cornposit ion o f  62 w t  % BaF2 e x h i b i t  l a r g e ,  rounded, g l o b u l a r  
g r a i n s  i n  a f i n e  m a t r i x .  
laminar  phase i s  present .  
g r a i n s  a r e  p resen t .  
A t  t h e  e u t e c t i c  composi t ion o f  70 w t  % BaF2 a f i n e  
For BaF2 con ten ts  above t h e  e u t e c t i c  many smal l  round 
l h e  composi t ion o f  t he  m i c r o s t r u c t u a l  f e a t u r e s  were i d e n t i f i e d  by L D X  
examinat ion.  
CaF2 composStion are presented i n  f i g u r e  11. 
p r i m a r i l y  CaF2 and t h e  m a t r i x  i s  ma in l y  BaF2. 
t h e  m e l t  the CaF2 p r e c i p i t a t e s  as rounded g r a i n s  i n  a m a t r i x  o f  BaF2. 
examinat ions o f  t h e  62 w t  % (me l ted  i n  Ni/N2) and t h e  80 w t  % BaF2 composi t ions 
gave the  same r e s u l t s ,  t h a t  i s  t h e  dark rounded g r a i n s  a r e  CaF2 and t h e  m a t r i x  
i s  BaF2. 
l h e  r e s u l t s  o f  t h i s  examinat ion f o r  t h e  60 w t  % BaF2 - 4 0  w t  % 
l h e  l a r g e  dark rounded g r a i n s  a r e  
T h i s  i n d i c a t e s  t h a t  on c o o l i n g  
EDX 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  hardness o f  t h e  l a r g e  da rk  rounded 
g r a i n s  i n  t h e  50, 60,  and 62 w t  % BaF2 composi t ions were w i t h i n  5 p e r c e n t  
o f  t h a t  a t  any other  area on t h e  su r face .  
An x - r a y  d i f f r a c t i o n  ( X R D )  examinat ion o f  t h e  m e l t s  and s t a r t i n g  m a t e r i a l s  
was made f o r  t h e  purpose o f  de te rm in ing  t h e  components p resen t  and t h e i r  l a t -  
t i c e  cons tan ts .  From the l a t t i c e  cons tan ts  t h e  presence o f  s o l i d  s o l u t i o n  can 
be determined. The r e s u l t s  a r e  presented i n  t a b l e  I and p l o t t e d  i n  f i g u r e  12. 
l h e  l a t t i c e  parameters were determined by use of  a 
f u n c t i o n  ( r e f .  19). l h i s  procedure reduces systemat ic  e r r o r s  i n v o l v e d  i n  t h e  
measurements. l h e  l a t t i c e  parameter o f  t h e  BaF2 b e f o r e  and a f t e r  m e l t i n g  a r e  
c l o s e  i n  va lue  and agree w e l l  w i t h  t h e  ASIM ca rd  no. 4 0452 ( r e f .  20) .  Both t h e  
me l ted  and n o t  melted CaF2 l a t t i c e  parameters a r e  l a r g e r  than  t h e  ASTM ca rd  
no. 4-0864 v a l u e  ( r e f .  20). A smal l  amount o f  CaO was found i n  t h e  me l ted  CaF2. 
cos* e c o t  0 e x t r a p o l a t i o n  
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The l a t t i c e  parameter o f  t h e  BaF2 i n  t h e  b i n a r y  m e l t s  made i n  t h e  P t / a i r  
c o n d i t i o n  shows a decrease as t h e  CaF2 c o n t e n t  r i s e s .  T h i s  decrease i n  t h e  
l a t t i c e  parameter o f  t h e  BaF2 suggests s o l i d  s o l u b i l i t y  o f  CaF2 i n  t h e  BaF2 
l a t t i c e .  Other d a t a  ( r e f .  18) f o r  t h i s  b i n a r y  system t e n t a t i v e l y  i n d i c a t e s  a 
smal l  amount o f  s o l i d  s o l u t i o n  o f  CaF2 i n  t h e  BaF2. 
ceases t o  decrease a t  composi t ions c o n t a i n i n g  >20 w t  X o f  CaF2 which suggests 
t h a t  a maximum s o l u b i l i t y  i s  reached. T h i s  s o l u t i o n  may c o n t r i b u t e  t o  t h e  
i nc reased  hardness w i t h  i nc reased  CaF2 c o n t e n t  i n  t h e  b i n a r y  composi t ions a t  
t h e  h i g h  BaF2 end o f  t h e  diagram. 
However, t h e  p a t t e r n s  
a r e  n o t  sharp and In tense .  I t  was not p o s s i b l e  t o  determine t h e  l a t t i c e  param- 
e t e r  o f  t h e  CaF2 f rom these p a t t e r n s  because t h e  h i g h  a n g l e  l i n e s  which a r e  
needed f o r  good e x t r a p o l a t i o n  were e i t h e r  n o t  p r e s e n t  o r  i f  p resen t  were n o t  
s h a r p l y  de f i ned .  
amorphous o r  l e s s  w e l l  developed CaF2 c r y s t a l s .  I n  t h e  composi t ions o f  h i g h e r  
BaF2 c o n t e n t  t h i s  may be due t o  t h e  lower c o n c e n t r a t i o n s  o f  CaF2 p resen t .  
Examinat ion o f  t h e  few low ang le  l i n e s  p r e s e n t  would i n d i c a t e  no change i n  t h e  
l a t t i c e  parameter o f  t h e  CaF2 i n  any o f  t h e  b i n a r y  composi t ions.  
The BaF2 parameter 
CaF2 i s  de tec ted  by XRD i n  a l l  the b i n a r y  m e l t s .  
I t  can be suggested t h a t  t h e  poor p a t t e r n s  may be due t o  
l h e  l a t t i c e  parameter o f  t he  BaF2 i n  the  62 w t  % BaF2 - 3 8  w t  % CaF2 com- 
p o s i t i o n  mel ted i n  Ni/N2 was much smal ler  than t h a t  o f  s i m i l a r  composi t ions 
me l ted  i n  P t / a i r .  Th i s  composl t ion was 30 p e r c e n t  ha rde r  than t h e  P t / a i r  m e l t s  
o f  s i m i l a r  composi t ions.  l h i s  leads t o  t h e  c o n c l u s i o n  t h a t  m e l t i n g  c o n d i t i o n s  
such as c o n t a i n e r ,  atmosphere, and probably c o o l i n g  r a t e s  ( a n n e a l i n g )  a r e  impor- 
t a n t  i n  d e t e r m i n i n g  hardness. Oxygen con tamina t ion  o f  s i n g l e  c r y s t a l  CaF2 has 
been shown t o  i n c r e a s e  i t s  hardness by 10 t o  13 pe rcen t  w h i l e  n i t r o g e n  contamin- 
a t i o n  caused no change ( r e f .  21) .  
CONCLUSlONS 
A s tudy was made o f  t h e  hardness temperature c h a r a c t e r i s t i c s  o f  BaF2, 
CaF2, b i n a r y  m i x t u r e s  of  these f l u o r i d e s  and s i l v e r  t o  determine whether these 
c h a r a c t e r i s t i c s  a r e  r e l a t e d  t o  t h e  temperature range over which these m a t e r i a l s  
a r e  e f f e c t i v e  as d r y  f i l m  l u b r i c a n t s .  The major  obse rva t i ons  i n  t h i s  s tudy 
were t h e  f o l l o w i n g :  
1. l h e  hardness o f  s i n g l e  c r y s t a l  CaF2 and-BaF2 decreases r a p i d l y  
w i t h  a l oss  o f  about 40 pe rcen t  between 25 and 100 O C .  l h e  V icke rs  hardness 
va lues o f  t h e  f l u o r i d e s  and s i l v e r  are between 10 and 30 kg/mm2 over t h e  
temperature range a t  which these m a t e r i a l s  a r e  known t o  be e f f e c t i v e  s o l i d  
l u b r i c a n t s .  That i s  f r om below room temperature t o  about 550 " C  f o r  s i l v e r ,  
and f r o m  about 450 t o  above 900 O C  f o r  the f l u o r i d e s .  
2.  From observa t i ons  o f  t h e  nature o f  t h e  i n d e n t s  and t h e  r a p i d  decrease 
i n  hardness w i t h  temperature i t  i s  est imated t h a t  t h e  b r i t t l e  t o  d u c t i l e  t r a n -  
s i t i o n  temperature f o r  t h e  f l u o r i d e s  i s  I n  the  25 t o  100 "C range a t  l o w - s t r a i n  
r a t e s .  L i t e r a t u r e  d a t a  shows t h l s  t r a n s i t i o n  i s  s t r a i n  r a t e  s e n s i t i v e  and con- 
f i r m s  our r e s u l t s  f o r  a s t r a i n  r a t e  d u r i n g  t h e  hardness i n d e n t a t i o n  i n  t h e  
range of 10-4 t o  10-5/min.  
3 .  l h e  hardness o f  p o l y c r y s t a l l i n e  b i n a r y  composi t ions o f  CaF2 and BaF2 
a t  25 "C increases w i t h  i n c r e a s i n g  CaF2 reach ing  a maximum o f  about 150 kg/mm2 
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near 60 ut X BaF2. 
c r y s t a l  s u r f a c e  and t h e  BaF2 was 30 pe rcen t  ha rde r .  
o f  rounded g r a i n s  o f  CaF2 i n  a m a t r i x  o f  BaF2. I n  the  compos l t i on  range o f  
50 t o  90 ut X BaF2 t h e  CaF2 g r a i n s  become p r o g r e s s i v e l y  s m a l l e r  as t h e  BaF2 
Inc reases .  A t  the p e r i t e c t i c  compos i t i on  a laminar  s t r u c t u r e  i s  p resen t .  
l h e r e  i s  some s o l i d  s o l u t i o n  o f  CaF2 i n  t h e  BaF2 l a t t i c e .  
P o l y c r y s t a l l i n e  CaF2 was 15 p e r c e n t  s o f t e r  than t h e  s i n g l e  
4. The m i c r o s t r u c t u r e  o f  t he  p o l y c r y s t a l l i n e  b i n a r y  composi t ions i s  t h a t  
5 ,  l h e  hardness o f  t h e  b i n a r y  p o l y c r y s t a l l i n e  composi t ions i s  i n f l u e n c e d  
by t h e  method o f  p r e p a r a t i o n .  
RkFkHkNCLS 
1. 
2. 
3. 
4 .  
5 .  
6.  
7 . 
8 .  
9 .  
10. 
11. 
Pinkus, 0 . ;  and Wilcock,  D . F . :  S t r a t e g y  f o r  t n e r g y  Conservat ion l h r o u g h  
l r i b o l o g y ,  A S M t ,  1977. 
Kamo, R . ;  and B r y z i k ,  W . :  Cummins/lACOM Advanced A d i a b a t i c  Engine, 
Proceedings o f  t h e  l u e n t y  F i r s t  Automot ive Technology Development 
C o n t r a c t o r s '  Coord ina t i on  Meeting, SA€ P-138, SAL, 1984, pp. 121- 134. 
Groseclose, L .E. ;  Helms, H . € . ;  and Johnson, R . A . :  A G I  100 Advanced Gas 
l u r b i n e  lechnology P r o j e c t .  Proceedings o f  t h e  l w e n t y  F i r s t  Automot ive 
l e c h n o l o g y  Development C o n t r a c t o r s '  C o o r d i n a t i o n  Meet ing,  S A t  P-138, SAC, 
1984, pp. 263-272. 
K r e i n e r ,  D.M. ;  and K i d w e l l ,  J.R.: A G I  100 Advanced Gas l u r b i n e  l echno logy  
P r o j e c t .  Proceedings o f  t he  l w e n t y  F i r s t  Automot ive l echno logy  
Development Con t rac to rs '  Coord ina t i on  Meet ing,  SA€ P-138, SA€, 1984, 
pp. 273- 285. 
l i t r a n ,  R . H . ;  and Stephens, J.R.: Advanced High l empera tu re  M a t e r i a l s  f o r  
t h e  knergy t f f i c i e n t  Automot ive S t i r l i n g  Engine. NASA 1M-83659, 1984. 
Peterson, M.H.; and Wincr, W . O . ,  ed r . :  Wear Cor i t ro l  Handbook, A S M t ,  1980, 
p .  1320. 
Parker ,  E . R . ,  e t  a l . :  D u c t i l e  Ceramics A High l empera tu re  P o s s i b i l i t y .  
J .  Met., v o l .  10, no. 5, May 1958, pp. 351-353. 
P h i l l i p s ,  W . L . . ,  J r . :  Deformat ion and F r a c t u r e  Processes i n  Calc ium 
f l u o r i d e  Sing le C r y s t a l s .  J. Am. Cerarn. S O C . ,  v o l .  4 4 ,  no. 10, O c t .  1961, 
pp. 499-506. 
Burn, R . A . ;  and Murray, G . 1 . :  P l a s t i c i t y  and O i s l o c a t i o n  F-tch P i t s  i n  
CaF2. J. Am. Ceram. S O C . ,  v o l .  45 ,  no. 5, Nov. 1964, pp. 251-252. 
L i u ,  l . S . ;  and L i ,  C . H . :  P l a s t i c i t y  o f  Bar ium F l u o r i d e  S i n g l e  C r y s t a l s .  
J .  Appl.  Phys., v o l .  35, no. 11, Nov. 1964, pp. 3325.3330. 
S l i n e y ,  H.F..: Wide l empera tu re  Spectrum S e l f - L u b r i c a t i n g  Coat ings 
Prepared by Plasma Spray ing,  ' I h in  S o l i d  F i l m s ,  v o l .  64, pp. 211-217, 1979. 
8 
1 2 .  Sliney, H.E.: The Use of Silver tn Self-Lubricating Coatings for Extreme 
lemperatures. ASLE lrans., vol 29,  no. 3 ,  July 1986,  pp. 370-376.  
1 3 .  Lozinskii, M.G.: High 'Temperature Metallography, Pergamon Press, 1961, 
p .  355. 
1 4 .  Cullity, B.D.: Elements of X-Ray Dlffractjon, Addison-Wesley, 1949, 
p. 224. 
1 5 .  Wood, E.A.: Crystal Orientation Manual, Columbia Univ. Press, 1963, p. 32 .  
1 6 .  O'Nei1, J.B.; Redfern, B.A.W.; and Brookes, C.A.: Anisotropy in the 
Hardness and Friction of Calcium Fluoride Crystals. J .  Mater. Sci., 
vol. 8 ,  no. 1 ,  Jan. 1973, pp. 47-58. 
1 7 .  Evans, A.G., ed.: Fracture i n  Ceramic Materials - Toughening Mechanisms, 
Machining Damage and Shock. Noyes Publlcations, 1984,  pp. 283-304.  
18.  Levin, E . M . ;  and McMurdie, H . F . :  Phase Diagrams for Ceramists, 1975 
Supplement, M.K. Reser, Ed., American Ceramic Soclety, Diagram No. 4813, 
1975, p. 358. 
1 9 .  Azaroff, L.V.; and Buerger, M . J . :  lhe Powder Method in X-Ray 
Crystallography. McGraw--Hi 1 1  Co., 1958, p. 235. 
20. Smith, J . V . ,  ed.: X-Ray Powger Data File, Sets 1 - 5 ,  Revised, ASTM 
STP-48-3, American Society for lestlng Materials, 1960.  
21 .  Sashital, S.R.; and Vedam, K . :  Hardening of CaF2 Single-Crystal 
Surfaces Due to Contamination by Atmospheric Oxygen. J .  Appl. Phys., 
vol. 4 3 ,  no. 1 1 ,  Nov. 1972, pp. 4396. 4400. 
9 
TABLE I. - LATTICE PARAMElERS OF POLYCRYSTALLINE COMPOSITIONS I N  THE 
BaFz-CaFz SYSTEM 
[ L i t .  values: BaF2 = 6.2001 A (ASTM Card No. 4-0452) ( r e f .  20); 
CaF2 = 5.4626 A (ASTM Card NO. 4-0864) ( r e f .  20) . ]  
Compos1 t l o n ,  
100 0 
90 10 
EO 20 
70 30 
62 38 
60 40 
50 50 
0 100 
Melted i n  P t  c r u c l b l e  Melted i n  N i  
I n  a i r .  c r u c l b l e  i n  N i ,  
P t / a i  r N1/N2 
Not me1 ted  
6.202+_0.001 
6.195+-0.001 
6.192+_0.001 
b ( - )  _---------- 
6.190+_0.001 
6.1 9220.002 
----------- 
L a t t j c e  parameters (ao, A )  and s tandard d e v l a t l o n  
aPoor d i f f r a c t i o n  p a t t e r n s  f o r  CaF2. n o t  enough h i g h  angle l i n e s  f o r  a p r e c i s l o n  
b o o r  XRD pa t te rn .  
cTrace CaO. 
l a t t l c e  parameter de te rm ina t ion  f o r  these mel ts .  
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FIGURE 1 .  - CRYSTAL ORIENTATION OF INDENTATION SURFACE 
FOR CaF2 AND BaF2. THE POINT ON THE UNIT STEREOGRAPHIC 
TRIANGLE IN THE STANDARD (001) PROJECTION IS THE NORMAL 
TO THE SINGLE CRYSTAL INDENTATION SURFACE. 
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FIGURE 2. - TYPICAL HEATING AND COOLING SCHEDULES FOR MELT- 
ING OF BaF2 - CaF2 BINARY COMPOSITIONS IN PLATINUM CRU- 
CIBLES I N  AIR. 
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FIGURE 3. - MICRO-HARDNESS OF SINGLE CRYSTAL CaF2 AND POLY- 
CRYSTALLINE SILVER AS A FUNCTION OF TEMPERATURE. 
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FIGURE 4. - MICRO-HARDNESS OF SINGLE CRYSTAL BaF2 AND POLY- 
CRYSTALLINE SILVER AS A FUNCTION OF TEMPERATURE. 
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FIGURE 5. - INDENTATION CREEP OF SINGLE CRYSTAL CaF2 AT 22 
AND 250 O c  ow THE c i i i )  PLANE AND [1101 CRYSTALLOGRAPHIC 
DIRECTION (REF. 16). 
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FIGURE 6. - PHOTOGRAPHS OF VICKERS HARDNESS INDENTS OF CaF2 SINGLE CRYSTAL AS A FUNCTION OF 
TEMPERATURE, PHOTOGRAPHS TAKEN AT ROOn TEMPERATURE. 
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FIGURE 7. - PHOTOGRAPHS OF VICKERS HARDNESS INDENTS OF BaF2 SINGLE CRYSTAL 
AS A FUNCTION OF TEMPERATURE. PHOTOGRAPHS TAKEN AT ROOM TEMPERATURE. 
14 
4- 
100 
0 CaF2 (REF. 8) 
0 OF., (REF. 9) 
-r 
I I I 'I h 
400 
300 
8 
5 0  
t: 
- A BaF: (REF. 10) 
_r 
' 10-2 10-3 10-4 10-5 
I 
10-6 
W 
c 
rn 
3 400 
( A )  SEMI-LOG PLOT. 
C W O S  I T  ION SR = 6 ~ 1 0 - ~  
AT 400 OC 
0 0 BaF2 -/ SR = 6 ~ 1 0 - ~  
0 CaF2 /- 
AY- 
/- 
AT 300 OC e 
///- 
c- -cr' 
15 
200 
180  
0 POLYCRYSTALLINE E L T E D  I N  PLATINUM 
0 POLYCRYSTALLINE E L T E D  I N  NICKEL 
CRUCIBLE I N  AMBIENT A IR  
CRUCIBLE I N  DIATOMIC_ NITROGEN ATMOSPHERE (N2) 
SINGLE CRYSTAL NEAR ( 1 1 1 )  PLANE 
0 SINGLE CRYSTAL NEAR ( 0 1 3 )  PLANE 
a 
120 
(0 
w = 100 Y > 
.L 
8o t- Q 
60 
(A )  VICKERS HARDNESS. (STANDARD DEVIATION TICKS ARE SHOWN 
ON EACH POINT. 1 
r I I 
1300 
u 
0 
w c* a5 1200 
f 
E 
1100 
0 2 0  
CaF2 UT % BaF2 
(B) CaF2 - BaF2 PHASE DIAGRAM (REF. 18 ) .  
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